Abstract: This paper combines an experimental study and computational fluid dynamics (CFD) simulations to investigate the influence of dynamic properties and position of upper rivulet on rain-wind-induced vibration (RWIV) of stay cables. The reproduction of the RWIV of a stay cable model is first performed based on artificial rainfall wind tunnel tests with an ultrasonic transmission thickness measurement system, which can obtain the characteristics of rivulets on the surface of the stay cable model. On the basis of the test results, CFD simulations are then used to study the aerodynamic influence of an upper rivulet using two different CFD models: a vibrating cable model with a moving upper rivulet and a vibrating cable model with a fixed upper rivulet. CFD simulations suggest that the existence of the upper rivulet do not sufficiently to excite RWIV. It is confirmed that, when an upper rivulet oscillates in a specific range at the same frequency of a cable, it can significantly vary the aerodynamic force acting on the cable with the same frequency of the cable and the aerodynamic resonant excitation will lead to the occurrence of RWIV.
Introduction
Rain-wind-induced vibration (RWIV) is a large-amplitude vibration and often occurs when rain and wind act simultaneously on stay cables. Hikami and Shiraishi (1988) first reported the RWIV phenomenon for stay cables in the Meiko Nishi bridge, and it was then observed in many other bridges. Many studies have been conducted over the last two decades through the use of field measurements (Hikami and Shiraishi 1988; Persoon and Noorlander 1999; Main and Jones 1999; Matsumoto et al. 2003a; Ni et al. 2007; Phelan et al. 2006; Zuo et al. 2008; Zuo and Jones 2010) , wind tunnel tests (Hikami and Shiraishi 1988; Matsumoto et al. 1990 Matsumoto et al. , 1992 Matsumoto et al. , 1995 Matsumoto et al. , 1998 Matsumoto et al. , 2003b Flamand 1995; Bosdogianni and Olivari 1996; Verwiebe and Ruscheweyh 1998; Gu and Du 2005; Cosentino et al. 2003; Li et al. 2010a) , and theoretical analyses (Yamaguchi 1990; Xu and Wang 2003; Wilde and Witkowski 2003; Seidel and Dinkler 2006; Peil and Nahrath 2003; van der Burgh et al. 2006) . Study results indicate that the upper rivulet oscillation around the stay cable plays a key role when RWIV occurs.
Several possible mechanisms of RWIV were proposed during years of research. Early studies done by Yamaguchi (1990) and Bosdogianni and Olivari (1996) investigated and explained RWIV using galloping theory. Matsumoto et al. (2001) considered RWIV as a special vortex-induced vibration caused by the interactions between Karman vortex and axial vortex. Further studies (Matsumoto et al. 2003b; Zuo and Jones 2010) suggested that RWIV was a vortex-induced vibration at high reduced velocity caused by the vortex shedding that is different from the classical Karman vortex. On the other hand, Gu and Lu (2001) and Gu and Huang (2008) investigated the aerodynamic characteristics of the cylinder with an attachment and brought up the concept of unsteady zone of upper rivulet in which the presence of rivulet would dramatically affects the aerodynamic forces and causes aerodynamic instability. Nevertheless, the precise mechanism of RWIV remains unknown owing to the lack of quantitative measurements to quantify the upper rivulet oscillation. Cosentino et al. (2003) presented an approach to obtain the information of an upper rivulet by arranging wire pins distributed over the region where the upper rivulet appeared. However, the wires may affect the movement of the upper rivulets on the cable surface. Therefore, the ultrasonic technique, which is a nonintrusive approach, is considered (Li and Serizawa 2004) . Li et al. (2010a) used an ultrasonic transmission thickness measurement system (UTTMS) based on ultrasonic transmission technique to obtain information about the rivulet around the cables. A wind tunnel test of an inclined cable model incorporated with the UTTMS was conducted to measure the time-dependent characteristics of the water rivulets forming on the cable during RWIV.
In this paper, the dynamic characteristics of water rivulets, which are closely related to the RWIV phenomenon, are first investigated to obtain the equilibrium position, oscillation amplitude, and frequency of water rivulets through an artificial rainfall wind tunnel test. On the basis of the characteristics of RWIV observed in the wind tunnel test with UTTMS, two types of computational fluid dynamics (CFD) models are established and computed. First, the CFD simulations of vibrating cable models with an oscillating upper rivulet are conducted to reproduce the RWIV phenomenon. Then, the simulations of the vibrating cable models with a fixed upper rivulet are performed to assess the effects of upper rivulet oscillation.
Wind Tunnel Tests of Rain-Wind-Induced Vibration with the Ultrasonic Transmission Thickness Measurement System and Results
Setup of Experiment
To reproduce the RWIV of the cable, a wind tunnel test is conducted in the TJ-1 atmospheric boundary layer wind tunnel, which is a straight-through wind tunnel with an original working section of 1:8 ðwidthÞ 3 1:8 m ðheightÞ located at Tongji University. An inclined stay cable model is used in this wind tunnel test. The inclination angles of the cable model a and the wind yaw angle b, as shown in Fig. 1(a) , are two important parameters for RWIV and can be adjusted. The cross section of the inclined cable model is also shown in Fig. 1(a) , where U is the wind velocity, the x-axis is the direction of the velocity component of U cos b, the y-axis is the direction of the velocity component of U sin b cos a (crossflow direction), U rel is the relative wind velocity of the cable model, c is the wind attack angle between U rel and the x-axis, g 0 is the included angle between the equilibrium position of the upper rivulet and the x-axis, and u 0 is the relative equilibrium angle between the equilibrium position of the upper rivulet and U rel . The length is 2.0 m and the diameter is 0.1 m for the cable model with a mass of 17.15 kg. The natural vibration frequency is 0.952 Hz, and the cable damping ratio is 0.17%. Li et al. (2010a) investigated the experimental method using the UTTMS to obtain the characteristics of the vibration and the rivulet information of the stay cable model subject to RWIV. In this paper, we focus on the dynamic properties and position of rivulet, as well as their influence on RWIV. The test measurement setup for RWIV of the stay cable model with the UTTMS is shown in Figs. 1(b and c). 
Dynamic Characteristics of Cable Vibration
The reduced velocity and Reynolds number are defined as U=fD and UD=n, respectively, where U and n are the wind speed and kinematic viscosity of the air, respectively. The test conditions for the RWIV of the cable are listed in Table 1 . The diameter and the Reynolds number of the presented model in the wind tunnel are in the range of the prototype cables of the actual cable-stayed bridges. According to a previous study (Gu and Du 2005) , a rainfall intensity of 30 mm/h with an inclination angle of 30°for two test cases (yaw angles of 20 and 22.5°for the first and second tests, respectively) is used. Li et al. (2010b) studied the time history and frequency response of cable cross-flow displacement. The displacement amplitudes of the cable versus the wind velocity are shown in Fig. 2 . It can be seen that RWIV occurs over the range of 6:7628:04 m/s.
Dynamic Characteristics of Water Rivulets during Rain-Wind-Induced Vibration
The occurrence and duration of RWIV is closely associated with the formation, oscillation, and position of the upper rivulet. When a force balance condition meets, the rivulet could remain on the surface of the cable; otherwise, the rivulet may slide down from cable (low wind speed) or be blown away (high wind speed). Thus, the upper rivulet is observed only within a certain range of wind speeds. Figs. 3(a-c) present the water rivulets distribution on the surface measured by the UTTMS at wind speeds of 6:76, 7:72, and 8:69 m=s, respectively (Li et al. 2010b) . As the wind speed continuously increases to 8:69 m=s, no RWIV is observed, yet the upper rivulet still remains; however, the steady circumferential oscillation of the upper rivulet gradually disappears as shown in Fig. 3(c) .
The previous investigations consisting of field measurements and wind tunnel tests indicated that the equilibrium position and oscillation amplitude of upper rivulet would vary with wind speed. The UTTMS can capture the instantaneous position of the upper rivulet during oscillation and thereby obtain the equilibrium position, oscillation amplitude, and oscillation frequency. Fig. 4 shows the cross-flow amplitude of the cable model and the equilibrium position of the upper rivulet oscillation versus wind speed. When the wind speed is less than 7:40 m=s, the axially continuous upper rivulet does not form. Therefore, only the equilibrium positions under a range of 7:4029:94 m=s are depicted in the figure. The equilibrium position or the static position is elevated with the increasing wind speed, regardless of the occurrence or not of the RWIV of the cable model.
According to the previous studies with cable models and artificial rivulets (Yamaguchi 1990; Gu and Lu 2001) , the aerodynamic coefficients would change dramatically if the artificial rivulet is fixed within the positions of 50-70°. For the two tests of the current study, when the wind speed is within the range of 7:4027:72 m=s, a continuous upper rivulet is found to form, and large-amplitude RWIV would occur. The equilibrium positions of the upper rivulet measured by UTTMS under RWIV are listed in Table 2 . Referring to Fig. 1(a) , the relative equilibrium angle u 0 with a wind speed of 7:4027:72 m=s is included in the range of 63-67°, which is consistent with the findings of the previous studies.
The cross-flow RWIV amplitude of the cable model and the RMS of the upper rivulet oscillation are plotted together in Fig. 5 . It can be seen that the RMS of the upper rivulet oscillation is larger when RWIV occurs and then decreases dramatically accompanied by the disappearance of the RWIV of the stay cable when the wind speed is greater than 7:72 m=s. Such observation indicates that the cable vibration could excite the oscillation of the upper rivulet. The RMS of the upper rivulet oscillation for the four experimental points at wind speeds of 7:40 and 7:72 m=s is approximately 7°. Considering that u 0 is in the range of 63-67°, the relative position angle u is approximately in the range of 55-75°with an amplitude of approximately 10°when upper rivulet oscillates with RWIV in the wind tunnel tests.
The large amplitude of the upper rivulet oscillation is coupled with the dramatic cross-flow vibration of the cable model. The According to this analysis, the upper rivulet oscillation has a relative equilibrium position between 63 and 67°, an amplitude of approximately 10°, and an oscillation frequency of approximately 0.952 Hz, which is the same with the cable vibration during RWIV at the test condition mentioned previously. These results will be used to determine the parameters of the upper rivulet in the CFD simulations.
Two-Dimensional Computational Fluid Dynamics Simulations of the Cable Model with Upper Rivulet
The results of the wind tunnel tests described previously indicate that the upper rivulet and its oscillation play important roles when RWIV occurs. A continuous upper rivulet would form along the cable only within a certain range of wind speed, and its existence is a necessary, but not a sufficient, condition for RWIV. The appearance of RWIV depends on the dynamic characteristics of the upper rivulet (Fig. 4) and also affects its circumferential oscillation amplitude and frequency (Figs. 5 and 6 ). The interaction between cable vibration and rivulet oscillation is the key to RWIV. In the current study, CFD simulation is used to investigate how the motion and position of the upper rivulet influence the cable vibration. To capture the essence of RWIV, a fundamental two-dimensional model is used. As a result, the axial flow and axial vortex are not considered in the current study. Moreover, the lower rivulet scarcely moves with or without the occurrence of RWIV and therefore is ignored in the CFD studies.
The shear stress transport (SST) k 2 v turbulent model based on the Reynolds-averaged Navier-Stokes (RANS) method is used to simulate the turbulent behavior of the flow with CFD software ANSYS FLUENT 12.1. Fig. 7 shows the grid partition and size of the fluid field in the CFD study. The number of triangular cells is roughly 60,000, and the first grid normal to the cable surface is set as 0.5 mm. The boundary conditions are defined as follows: the left side is the velocity inlet, the right side is the pressure outlet, the upper and lower sides are symmetry, and the cable and the upper rivulet are considered as two separating wall surfaces. Because the Reynolds number (Table 1) is within the subcritical zone, the vortex shedding frequency of a cylinder can be estimated through the Strouhal number. When RWIV occurs, the expected vortex shedding period is approximately 0.06-0.07 s. Thus, the time step of 0.001 s is selected to provide enough sample points within one period of the RWIV.
A cable model without rivulet is calculated under the typical RWIV wind speed of 7:5 m=s to verify the CFD simulation setup. Fig. 8 shows the time histories of the aerodynamic coefficients. The average drag and fluctuating lift aerodynamic coefficient are 1.16 and 0.76, whereas their frequencies are 32.98 and 16.49 Hz, respectively. The corresponding Strouhal number S is 0.22. The averaged drag coefficient and Strouhal number are found to be very close to those reported in previous numerical and experimental studies (Elmiligui et al. 2004) , with a similar Reynolds number (i.e., R 5 50,000) as the present study. The fluctuating lift coefficient of the current study is found to be larger than the predicted value (i.e., 0.42) of the three-dimensional (3D) numerical simulation of Lu et al. (1997) at R 5 44,200. Nevertheless, it is known that the fluctuating lift coefficients of two-dimensional (2D) numerical simulations would be larger than those of 3D simulations in general. The quantitative comparison shows that the simulation results of the current study match the previous experimental and numerical results well.
One Degree-of-Freedom Cable Model with an Oscillating Upper Rivulet
To reproduce the RWIV of the cable with a CFD simulation, first a mechanical model of the cable is established, as shown in Fig. 9 . The upper rivulet is given a preprogrammed harmonic oscillation expressed in Eq. (1) with the same frequency as that of the cable, according to the analysis described previously (Figs. 4-6) . The cable is considered as a one degree-of-freedom (DOF) vibrating system under aerodynamic lift force, and its dynamic equation is given in Eq. (2) u ¼ a sinðvtÞ þ u 0 , a ¼ 10
where y 5 displacement of the cable in the cross-flow direction, u 5 relative position angle of the upper rivulet, and u 0 5 relative equilibrium angle. In the equation, j 5 0:17% is the cable damping ratio, and v 5 2p 3 0:952 5 5:98 rad=s is the natural circular frequency. Furthermore, m c is the mass per unit length of the tested cable section model, which equals 8:575 kg=m, and D 5 0:1 m is the diameter of the cable. These parameters are the same as those for the cable model used in the wind tunnel test. r is the air density, and C L ðuÞ is the aerodynamic lift coefficient automatically computed by the ANSYS FLUENT 12.1 software, which is a function of angle u. From Fig. 1(a) , U rel can be calculated by taking a 5 30°, b 5 20°, and U 5 7:5 m=s, which is in the range where RWIV occurs. Eq. (2) is solved by a user-defined function (UDF) based on the Newmark method to obtain the displacement that defines the locations of the cable and rivulet. Moreover, the UDF also defines the oscillation of the upper rivulet on the cable surface through Eq. (1). After computing the flow field in each time step, the UDF updates the positions of both the cable and rivulet. Then the dynamic mesh engages to remesh and smooth the grid cells for computing at the next time step. The upper rivulet is represented by a rectangle with a height of 2 mm and a width of 8 mm in the CFD simulations [ Fig. 7(b) ]. The width of 8 mm is close to the measured rivulet width (Li et al. 2010a ). The height used in the CFD model is about four times the measured rivulet height (∼ 0:5 mm), which was determined mainly by the size of the first grid normal to the cable surface to ensure several grids in the direction of rivulet height. To choose the same height as the experimental measurement would demand a much smaller grid, which would dramatically increase the computation power requirement and also cause a negative volume problem during dynamic meshing. Additionally, the relative height of the rivulet (the ratio between rivulet height and cable diameter) in previous studies (Yamaguchi 1990; Gu and Lu 2001 ) is in the range of 0.03-0.2, which is much larger than 0.005 for the test results (Li et al. 2010a ) but similar to 0.02 for the present CFD simulation.
Three different conditions are chosen to study how the cable vibration is affected by different ranges of the oscillations of the upper rivulet. The simulation results of the cases in which the relative equilibrium angle u 0 equals 50, 65, and 80°are shown in Fig. 10 . According to the experimental results shown in Table 2 , the case u 0 5 65°is in the range where the RWIV occurred and the other two cases are out of this range in the wind tunnel tests.
In Figs. 10(a and c), small vibrations with an amplitude less than 5 mm are observed. Moreover, the displacement histories of the cable seem very random. Compared with the large and systematic cable vibrations captured in the wind tunnel test (Li et al. 2010b) , the CFD simulations indicate that RWIV does not occur when the relative equilibrium angle of the upper rivulet is 50 or 80°.
A systematic and regular vibration of the cable with a large amplitude is observed only when the upper rivulet oscillates in the Fig. 10(b) ]. In this case, the amplitude increases to approximately 0.1 m when the vibration reaches its steady state, which agrees well with the observation in the wind tunnel test (Li et al. 2010b) . Hence, RWIV is also successfully reproduced by this CFD simulation with an upper rivulet oscillating harmonically in the same region. In addition, the equivalent aerodynamic damping ratio is illustrated in Fig. 11 . The aerodynamic damping is calculated by using an energy balance method, in which the equivalent viscous damping force is considered to have the same power as that of lift aerodynamic force in each vibration period. As shown in Fig. 11 , the aerodynamic damping ratio keeps increasing with the development of RWIV until it approaches the negative value of the cable damping ratio.
The time histories and spectra of aerodynamic lift coefficients at the relative equilibrium angles of 50, 65, and 80°were analyzed and are shown in Figs. 12(a-c) , respectively. The amplitudes of the lift coefficients are close, but the frequency components are different for the three cases. When the equilibrium angles are 50 and 80°, the dominant frequencies do not include the natural frequency of the cable. However, for the relative equilibrium angle of 65°, the dominant frequencies are multiple of the natural frequency, also including the natural frequency. It is the main reason that the RWIV of the cable can occur.
One Degree-of-Freedom Cable Model with a Fixed Upper Rivulet Second, similar CFD simulations are conducted using nearly the same setup used in "One Degree-of-Freedom Cable Model with an Oscillating Upper Rivulet" except that the UDF only solves Eq. (2) for the displacement of cable and rivulet, whereas the relative location between cable and the upper rivulet is fixed. The displacement histories of the cable vibration illustrated in Fig. 13 show that no RWIV exists when the upper rivulet is fixed at positions u 0 5 50, 65, and 80°. Actually, other simulations of the cable with fixed rivulets at different positions of u 0 5 60 and 70°also give similar results, and the amplitudes of the vibrations are much smaller than the RWIV observed in the wind tunnel tests and described in "One Degree-ofFreedom Cable Model with an Oscillating Upper Rivulet".
The time histories and spectra of aerodynamic lift coefficients at the fixed position angles of 50, 65, and 80°are analyzed and shown in Figs. 14(a-c) , respectively. The lift coefficients do not represent the natural frequency of the cable for all cases and hence cannot induce the RWIV of the cable.
Discussion
In the present 2D CFD simulations, RWIV is successfully reproduced by using a preprogrammed oscillating rivulet based on the observation from the wind tunnel test. This verifies the proposed vibrating mechanism and the aerodynamic influence of the upper rivulet on cable vibration. However, the rivulet oscillation and cable vibration are closely coupled, and the behavior of the upper rivulet is also affected by the airflow around it. To understand the whole story of RWIV, a model capable of describing the coupled motion of both the cable and the rivulet should be studied. Moreover, a further investigation using a 3D CFD model will also be necessary.
Different from what previous research indicated, the cable with a fixed upper rivulet does not experience vibration with a large amplitude in the present CFD simulations. The size of the upper rivulet may relate to the issue. As previously mentioned, the relative heights of the rivulet used in the previous experiments are larger than those used in the CFD simulations and, furthermore, are much greater than the measurement results of the wind tunnel experiments. Further study using rivulets of similar size to the measurement results is recommended. In addition, 3D effects of the rivulet, such as axial vortex shedding, are ignored in the 2D simulations of the current study, which might also have effect on the simulation results as well.
According to the results of the wind tunnel test and the CFD numerical simulation described previously, the dynamic properties (amplitude and frequency) and position (equilibrium angle) of the upper rivulet are two essential conditions for RWIV. The results suggest that the existence of the upper rivulet is not sufficient to excite RWIV. To excite RWIV, the upper rivulet should not only oscillate but also oscillate in a certain region with the same frequency as the cable vibration. Because the aerodynamic lift force is the only force acting on the cable being taken into consideration in the CFD simulations, it is believed that the aerodynamic force of the cable would change dramatically and periodically while the upper rivulet oscillates in that special region, introducing negative aerodynamic damping to the system.
Conclusions
In the present paper, an experimental study with UTTMS and CFD simulations are combined to investigate the role the upper rivulet plays in RWIV. The comprehensive study presented in this paper draws the following conclusions:
1. The dynamic properties and position of rivulet obtained by the wind tunnel tests indicated that the rivulet positions will only appear to a specific region with the largest oscillation amplitude and same frequency with the cable vibration when the RWIV occurs; and 2. The CFD simulations of a one degree-of-freedom cable with an upper rivulet fixed on various positions are not able to reproduce the RWIV phenomenon. This suggests that RWIV would not occur if an upper rivulet is present but does not oscillate. The CFD simulation of a one degree-of-freedom cable with a harmonically oscillating upper rivulet reproduces the RWIV phenomenon only when the upper rivulet oscillates between 55 and 75°(with the equilibrium angle of 65°), which agrees well with the wind tunnel test results. This indicates that even if the upper rivulet oscillates on the cable surface, it must oscillate in a certain range to excite RWIV.
